Because of their widespread agricultural impact and rapid range expansions, true fruit flies (Tephritidae) are the subject of quarantine and control efforts worldwide. Among these flies, the pumpkin fruit fly Bactrocera depressa, which infests squash and other cucurbitaceous plants in Korea, Japan and Taiwan, was recently isolated from produce shipments entering Japan and identified as a regulatory target. This species was described in 1933 from collections in Japan and discovered in 1974 in Korea, suggesting that it may have recently invaded mainland Asia. We analysed the genetic structure of Asian populations of B. depressa using sequence variation for mitochondrial gene cytochrome-oxidase I and three nuclear loci: elongation factor 1α α α α , tubulin β β β β 1 and tubulin β β β β 3, using frequency-based approaches, nested clade analysis and assignment tests. Contrary to the hypothesis of recent invasion, high levels of genetic subdivision were found among five Korean and three Japanese populations. Nested clade analysis suggested a variety of processes operating over different time scales, including ancient isolation between Korea and Japan and more recent range expansions within each country. Contrary to a priori expectations, the results also suggested the recent introduction of a mitochondrial haplotype into Yokohama, Japan that is related closely to a widespread haplotype found throughout Korea. Assignment tests also supported these conclusions. The combination of a genealogical approach and probabilistic assignments of individuals to populations of origin was able to provide statistical support for the identification of cryptic introductions within an otherwise widespread indigenous species.
Introduction
True fruit flies (Diptera: Tephritidae) are found in nearly all habitats with suitable plant life. Their cosmopolitan distributions, broad larval host range and substantial economic impacts have placed tephritids among the world's most notorious agricultural pests . Within the United States, for example, six genera ( Anastrepha , Bactrocera , Ceratitis , Dacus , Rhagoletis and Toxotrypana ) have been identified as major threats to agricultural resources, and are consequently the subject of large-scale interdiction, quarantine and control efforts (USDA 2001) . Elsewhere in the world, many of these species are indigenous or already established as exotic pests. As with other taxa, genetic studies of dipteran pests facilitate inferences regarding aspects of ecology and evolution not studied easily by other means. However, the biology of tephritids presents unique challenges for genetic data interpretation. First, tephritid populations rarely match the ideal n-population model upon which traditional analyses are based (e.g. Wright 1931) . Local populations of tephritids as well as many other insect pests Correspondence: Jeomhee Mun. E-mail: jhmun@nature.berkeley.edu can be founded easily by a small number of colonists, go extinct due to environmental or anthropogenic causes, undergo extreme fluctuations in size and display sourcesink dynamics (Eber & Brandl 1994; Stark et al . 1994; Roderick 1996a; Roderick et al . 1998; Sved et al . 2003) . The resulting metapopulation structure can have greatly reduced levels of variation and depart significantly from drift-gene flow equilibrium (Davies et al . 1999b; Whitlock & McCauley 1990; Fonseca et al . 2000; Mun et al . 2000; Goodisman et al . 2001) .
Despite these constraints, variable microsatellites, mtDNA restriction fragment length polymorphisms (RFLPs) and sequences and nDNA sequences have been identified for intraspecific studies of several tephritid pest species, including the medfly Ceratitis capitata (He & Haymer, 1997; Steck et al . 1996; Villablanca et al . 1998 ) and other Bactrocera species (Roderick et al. 1996; Kinnear et al . 1998; Mun et al . 1999; Smith et al . 2003) . These markers have proved useful for identifying the source of individual invaders in areas where the species are not yet resident, and in characterizing the demography of invasions in recently established populations Davies et al . 1999a; Bonizzoni et al . 2001; Meixner et al . 2002) . However, laboratory and analytical techniques for analysing population structure in exotic pest insects are often species-and even region-specific. This is because levels of genetic variation tend to vary widely among taxa, even for the same gene. Further, frequency-based analyses used to study the movement of individuals among established populations are inappropriate for newly established populations Davies et al . 1999b ). The current paradigm for invasion genetics of tephritid species is based almost entirely on studies of the Mediterranean fruit fly Ceratitis capitata , whose cosmopolitan distribution and broad host range are probably exceptions in this family, rather than the norm (White & Elson-Harris 1992; Roderick 1996b) .
Tephritids in the genus Bactrocera are of particular concern throughout much of Asia and Australia, where they constitute a significant threat to agricultural resources (Han et al . 1994; Takamatsu 1952; White 1996; Kinnear 1998; Kim et al . 1999) . Of these, the pumpkin fruit fly B. depressa (Shiraki) is relatively unusual, with a distribution restricted to mountainous regions of Korea, Japan and Taiwan and primary association with the unculivated host Trichosanthes kirilowii (Chinese cucumber or 'snakegourd') (Carrol et al . 2002 onwards; Kim et al . 1999) . B. depressa was described first from Japan in 1933 (Shiraki 1933) and was discovered in Korea in 1974 (Kim & Kim 1974) . In areas of Japan and Korea where it occurs, B. depressa is currently a significant crop pest of cucurbitaceous plants, primarily Cucurbita moschata (winter squash, or pumpkin) and C. maxima (turban squash) (Takamatsu 1952; Shiraki 1968; Han et al . 1994; Kim et al . 1999) . It is unknown whether B. depressa impacted personal-use pumpkin crops in Korea prior to 1974. Although pumpkins have been recognized only recently as economically valuable crops in Korea, C. moschata has been cultivated on a small scale there for over 1500 years Kim et al . 1999) . The relatively recent discovery of B. depressa in Korea suggests that it may have invaded this region recently, or have only recently become a problem; perhaps as an expansion of range associated with new agricultural practices. Detection of B. depressa on crops exported from Korea to Japan supports a hypothesis that the species is now being transported regionally in shipments of infested produce. This led to its listing as a quarantine subject in 2002 by the United States (Kim 2002) . However, if the pumpkin fruit fly were indigenous to both countries, its current distribution could have originated as early as the splitting of Japan from mainland Asia in the late Miocene or early Pliocene 5-10 mya (Smith et al . 1994) .
Here, we used sequence-level variation from one mitochondrial gene and three nuclear loci to study the genetic structure of B. depressa in Korea and Japan and infer the recent history of these populations. We addressed two questions: (1) at what spatial scale, if any, are populations of the pumpkin fruit fly genetically subdivided? (2) What is the invasion history of populations in Japan and Korea? Elucidation of the history of B. depressa in these two countries may help to determine its potential for future invasions in Asia and elsewhere and provides a contrast for genetic studies of other invasive tephritid species. The work also demonstrates the combination of a genealogical approach and probabilistic assignments to detect cryptic, recently invading, genotypes within an already established species.
Materials and methods

Individual genotyping
From 1999 to 2000, 63 pumpkin fruit flies were collected as adults, pupae or larvae from eight regions of fruit infestation (up to 250 km apart) across much of South Korea and three populations in Japan (spanning approx. 450 km on the main island of Honshu, Table 1 ). Individuals were stored in 95% ethanol until DNA was extracted with either standard phenol/chloroform methods (Palumbi 1996) or commercial tissue extraction kits (DNEasy kits, Qiagen, Inc.). Protocols for 35 amplification cycles were adapted from previous studies of tephritid fruit flies Mun et al . 2000 ). An 821-bp portion of the mitochondrial gene cytochrome-oxidase I (CO I) was amplified using the primer pair C1-J-2183 and TL2-N-3014 (Table 2) . For the nuclear genes, universal exon-primed, intron-crossing (EPIC) primer pairs, EF1 and EF2 for elongation factor (EF) 1 α , and Tub3 and Tub4 for beta tubulin (Tub) were used in initial screens (Palumbi 1996) . However, sequencing of cloned polymerase chain reaction (PCR) products revealed that two or more loci were being amplified in each case. Consequently, we developed novel, locus-specific primers for this study (Table 2) .
For each individual fly and each locus, cycle sequencing of PCR products was carried out using the Big Dye Cycle Sequencing Kit (PE Applied Biosystems). In most cases (including all sequences with ambiguities), PCR products were sequenced in both directions. For each of the nuclear genes, either one or two sites were variable, and individuals were often heterozygous as described in earlier work on tephritids (e.g. Davies et al . 1999a) . Heterozygosity was inferred based on the superimposition of two dye peaks in the corresponding chromatograms. Subsequent cloning and sequencing of approximately 1/4 of the heterozygous individuals for each locus verified the accuracy of this technique. Both alleles were sequenced for individuals with two heterozygous sites, to verify the cis or trans arrangement.
After excluding beginning or trailing sites that were ambiguous in some individuals, sequence length varied from 188 bp (EF 1 α ) to 821 bp (CO I). Because there were no insertions or deletions, sequences were inspected visually and aligned automatically using the program sequencher version 4.0 (Gene Codes Corporation). Genotypes were obtained for all 63 individuals at each locus, except for tubulin β 3 ( n = 61). For each locus, sequences for all haplotypes (i.e. novel alleles differing by at least one base pair from all others) were submitted to NCBI GenBank (AF477957-AF477976; AY349475-AY349482).
Analysis of mitochondrial and nuclear gene loci
Variation within populations was summarized using standard statistics: A (number of alleles = unique haplotypes), S (number of segregating sites = variable nucleotide positions) and Nei's (1987) gene diversity (equivalent to expected heterozygosity, with a sample size correction). Nucleotide diversity, π , was calculated as the average pairwise divergence between all gene combinations (Nei 1987) . For each population-locus combination, we calculated Wright's inbreeding coefficient F IS and tested for departures from Hardy-Weinberg equilibrium using exact tests. Statistics were calculated using the program arlequin version 2 (Schneider et al . 2001) .
Population structure was analysed at different spatial scales using several approaches. Among all eight populations, subdivision was tested for statistical significance using exact tests and quantified using Wright's (1931) ATG TGA GCA GTG TGC AAT CCA ATA C Table 2 Primer pairs used for PCR amplifications (see text for references).
Product size refers to the number of base pairs used in the final analysis, after removing primers and ambiguous end positions randomizations or permutations in each case). In contrast to F ST , Φ ST considers the genealogical or evolutionary distance among alleles, as well as their frequencies in each population. Because the distances among alleles were small (Table 3) we used the matrix of observed pairwise distances for these calculations, rather than a corrected distance measure. Population subdivision was also analysed hierarchically at the levels of population, country and total by (1) estimating Φ ST for Korea and Φ ST for Japan with a separate analysis for each country, and (2) calculating Φ CT (divergence between Korea and Japan) using a hierarchical model with populations nested within countries. (We chose to estimate differentiation within each country using separate analyses because the corresponding estimate Φ SC from the hierarchical model assumes that differentiation within Korea is equal to differentiation within Japan. Preliminary analyses showed that this was an invalid assumption.) For the three nuclear genes, we calculated overall estimates of Φ ST and Φ CT by jackknifing over loci (Weir 1996) . Relationships among the alleles at each locus were estimated with the network reconstruction method developed by Templeton and colleagues (e.g. Templeton et al. 1992; Templeton 1998 ), which uses a parsimony criterion. Because this approach explicitly allows for multifurcations and the persistence of ancestral nodes, we judged it to be more appropriate in representing relationships among alleles for this intraspecific study than standard phylogenetic tree-building techniques (see review, Posada & Crandall 2001) . Briefly (1) we constructed a network for each locus using the computer program tcs version 1.13 (Clement et al. 2000) ; (2) nested sets of relationships within the network were inferred using the algorithms of Templeton et al. (1987 Templeton et al. ( , 1992 ; (3) non-random geographical associations among haplotypes and clades were tested statistically with the computer program geodis ; and (4) the results were interpreted using the inference key provided with the geodis version 2 application (see also Templeton 1998) . This dichotomous key examines the geographical distribution of each clade member, assessing whether patterns are consistent with processes such as restricted gene flow (i.e. isolation by distance), allopatric fragmentation or long-distance colonizations. Identification of ancestral (node) and more recent 'tip' haplotypes is based primarily on the number of mutational connections, as well as haplotype frequencies. In accord with coalescent theory, the tcs program favours the most frequent sequences as ancestral (Clement et al. 2000) . Templeton (1998 Templeton ( , 2002 provides an overview of the entire process, known as 'nested clade analysis' (NCA).
The inference key portion of nested clade analysis has been criticized in that it does not assess error appropriately, and thus may not accurately infer, or distinguish among, alternative hypotheses (Knowles & Maddison 2002) .
To overcome this limitation we tested the hypotheses that particular genotypes had origins in the population in which they were collected with multilocus assignment tests (Davies et al. 1999b; Pritchard et al. 2000) using all four loci as implemented by the computer program structure version 1 (Pritchard 2000) . The analysis determines the probability (Q > 0.95) that migration can be rejected statistically with α < 0.05. For individuals within each population we also tested for statistical outliers in the probability of origin. Statistical calculations for t-test were performed in DataDesk (Velleman 1997) .
Results
For tubulin, universal primers used in the initial PCR produced two different products that were of similar size but divergent at approximately 30% of nucleotide positions. An NCBI blast search confirmed that the two different PCR products corresponded to tubulin β1 and tubulin β3 (characterized elsewhere, e.g. Guenette et al. 1991; Trivinos-Lagos et al. 1993) . Two novel primer sets were subsequently developed to specifically target each locus (Table 2) . Similarly, universal primers used in the initial PCR for elongation factor 1α produced two products: a 280-base pairs (bp) product, which contained a putative intron, and a 220-bp product, which did not. We designed a novel primer set to target the intron-containing product (Table 2) .
Variation within populations
Variation within all four genes consisted entirely of single nucleotide polymorphisms; no insertions or deletions were found, even within the introns of tubulin β1, tubulin β3 and elongation factor 1α. Mitochondrial variation was considerably higher than variation for the nuclear genes (Table 3) . In 63 individuals, we identified 20 unique haplotypes (four from Chiak, five from Jeongub, five from Mooju, four from Wanju, two from Yangsan, two from Ofunato, three from Nagano, three from Yokohama), and 34 segregating sites for CO I, in contrast with 1-2 segregating sites and 2-3 alleles for each of the nuclear genes. This led to a higher estimate of gene diversity for CO I (Π = 1.33%) than for the other loci (Π = 0.15%-0.31%). Because the natural expectation for π (average nucleotide divergence between randomly selected pairs of sequences) is equal to θ (= 4N e µ), higher gene diversity in CO I may reflect a higher average mutation rate. Alternative interpretations would include a recent selective sweep at or near each nuclear gene, or balancing selection on the mitochondrial genome. These results extended to the level of the population, where gene diversity was higher for CO I than for the three nuclear genes in six of eight populations. However, few other generalities were apparent when contrasting populations (Table 4) . For example, the fixation of Tub β1 in Japan led to a significant decrease in gene diversity when contrasted with Korea (P < 0.01 from t-test, using each population as an independent sample), even though Japan possessed significantly higher levels of variation in Tub β3 (P < 0.05). Differences between the two countries for variation in CO I and EF 1α were not statistically significant.
Divergence among populations
The eight populations showed significant differentiation for all loci (Table 3) . Across all populations exact tests for differentiation were highly significant, and estimates of F ST ranged from 0.312 for EF 1α to 0.517 for Tub β3 (all P < 0.00001). Φ ST estimates were also high but more variable among loci, ranging from Φ ST = 0.104 for EF 1α to Φ ST = 0.830 for CO I. Differentiation among Korean populations was less than differentiation among Japanese populations for three of the four loci (Table 5 ; contrasts were not possible for Tub β1 due to an absence of variation within Japan). In a hierarchical analysis focused specifically on divergence between Korea and Japan, differentiation between the countries was also quite high, with Φ CT = 0.829 for the mitochondrial gene CO I and Φ CT = 0.551 for a combined estimate across the three nuclear loci. With one exception, mitochondrial estimates of Φ ST within each country and Φ CT were always greater than the corresponding estimates for nuclear genes (Table 5) .
Nested clade analysis (NCA)
We reconstructed intraspecific haplotype networks for all four loci. In each case, divergence among populations was statistically significant (as estimated by exact contingency tests), although a more detailed analysis of Tub β1 was not possible because only two alleles were found. (With only two alleles, the identity of the ancestor cannot be readily determined using NCA without an outgroup). The presence of three alleles for EF 1α and Tub β3 allowed us to analyse geographical structure at a single level for each gene, and the presence of 20 alleles for CO I was high enough to warrant reconstruction of a more complete set of higher-level clades (Fig. 2) Table 4 Gene diversity (Nei 1987) for each gene in each population (equivalent to expected heterozygosity, with a sample size correction) fragmentation events, with NCA interpretations differing somewhat due to varying levels of resolution for each gene. For EF 1α, all three alleles were found in Korea and Japan, with relatively low divergence between the two countries. However, one haplotype (on the left in Fig. 1 ) had a distribution that was significantly widespread, while the presumed ancestral haplotype was significantly restricted (P < 0.05) from randomization tests; . The average geographical displacement between the interior and 'tip' haplotypes was also statistically significant. The NCA inference key interpreted these patterns in EF 1α as a contiguous range expansion (see Templeton 1998 for justification; Templeton et al. 1995) . For Tub β3, much more differentiation between Korea and Japan was apparent, and a somewhat contradictory pattern emerged (Fig. 1) . In this case, the two 'tip' haplotypes distributions that were significantly restricted, as determined by analyses of each tip alone and a joint contrast with the ancestral haplotype (P < 0.001 for all). These patterns are consistent with allopatric fragmentation between Korea and Japan. Extensive variation in CO I facilitated a more detailed geographical analysis of clade structure (Fig. 2) . All evolutionary relationships among these haplotypes (i.e. mutational steps) were reconstructed using NCA, with two For each single-locus estimate, significance was assessed by randomization: *P < 0.05, **P < 0.005, ***P < 0.00001. Statistical significance was not estimated for the combined estimate of nuclear divergence from jackknifing. Haplotypes marked with an asterisk are hypothesized to be ancestral based on the criteria of Castelloe & Templeton (1994) . Numbers in brackets denote number of individuals for each haplotype from each population. exceptions. First, it was necessary to break a connection within an ambiguous 'loop' (i.e. an incompletely resolved portion of the network) using the criteria of Crandall, Templeton and colleagues (Crandall et al. 1994; Templeton et al. 1995) . Second, the evolutionary relationship between clades 3-1 and 2-3 could not be inferred. These two groups diverged by 2-3%, in contrast to < 0.5% divergence within each clade. Because clade 3-1 contains Korean haplotypes with one exception and clade 2-3 contains only Japanese haplotypes, we concluded that B. depressa has evolved separately in these two regions for a long period of time.
Conclusions regarding population genetic processes were possible for CO I clades 1-6, 2-2 and 2-3. Significant geographical associations were present within two additional clades (3 -1 and the total cladogram) although the interior vs. tip status could not be determined in these cases. Clade 1-6 contained a common, widespread haplotype, which was the presumed ancestor of the entire Korean network (Fig. 2) . Seven haplotypes were connected to this ancestor by a single mutational step, and each was relatively rare and restricted in distribution. One of these seven was found in Yokohama, Japan (in two individuals), but nowhere in Korea. The NCA inference key interpreted these distributional patterns in terms of allopatric fragmentation, although the analysis does not easily facilitate separate interpretations for the Korean portions of the clade (which may be a simple result of geographically restricted gene flow) and the haplotype in Yokohama (which appears to be a recent, long-distance colonist). We repeated the NCA after removing the Yokohama haplotype, and found that the distribution of clade 1-6 in Korea was consistent with a range expansion or restricted gene flow, although not statistically significant (P = 0.28 for contingency test of the clade). Similar interpretations were evident in the more inclusive clade 2 -2, which includes the common, widespread interior clade 1-6 and the restricted tip clades 1-4 and 1-5. NCA suggests that these patterns are consistent with restricted gene flow and isolation by distance between clades 1-5 and 1-6. This result was the same and statistically significant whether or not the Yokohama haplotype was included in the network.
Unlike clade 3 -1, the Japanese clade 2-3 did not contain a single, common and widespread haplotype. The three most common haplotypes were several mutational steps apart from each other, and two were restricted to a single population. The NCA inference key suggested either a contiguous range expansion or long-distance colonization events, with further sampling in Japan necessary to distinguish between these alternatives.
Assignment tests
Multilocus assignment tests suggested that most individuals originated in the locality in which they were collected (Fig. 3) . Over 90% of individuals sampled were assigned with a probability of origin of Q > 0.95 to their collection locality, thereby rejecting the hypothesis of recent immigration for most individuals. Two individuals (one from Jeongub, Korea and one from Yokohama, Japan) had a much lower probability of origin in their collection locality (Q < 0.80). The individual from Yokohama, Japan was one of those identified by NCA analysis of mitochondrial DNA as a potential recent immigrant from Korea to Japan. Populations varied somewhat in the degree to which individuals were likely to be assigned to their collection locality (Fig. 3) . Some populations showed a greater variance in probability of local origins of individuals, with statistical outliers in four populations (Korea: Chiak, Jeongub; Japan: Nagano, Yokohama) suggesting that all individuals within populations may not share the same origin.
Discussion
The economic impacts of exotic species have led to an increased interest in studies of their ability to disperse, colonize and become established (e.g. Nalepa & Schloesser 1992; Lodge 1993; Holway & Suarez 1999) . One of the primary challenges in many cases is to simply determine which species are indigenous (or native) and which are introduced (Carlton 1996; Gillespie & Roderick 2002) . For example, it may be very difficult to distinguish between a recent invasion and historically widespread distribution. In the case of agricultural pests, these determinations have Fig. 3 Probabilities that each individual originated from the same gene pool from which it was sampled, summarized by population. Probabilities correspond to the Q-values of Pritchard et al. 2000) . A probability > 0.95 indicates that migration can be statistically rejected with α < 0.05. Boxplots for each population depict the median (centre line) and 25th and 75th percentiles (box hinges). Whiskers extend an additional 1.5 × (high hinge-low hinge), outliers are indicated with circles, and extreme outliers with stars (Velleman 1997). been the subject of considerable debate because of difficult decisions regarding the costs and benefits of alternative interdiction and eradication efforts (Carey 1992; Saul 1992; Voss 1992; Carey 1996) . As a result, a more complete understanding of the historical distribution of the pumpkin fruit fly and contemporary patterns of movement are necessary for resource managers in Asia, and will provide baseline data for potential future invasions of temperate regions.
We were able to identify one mitochondrial and three nuclear markers that were variable in B. depressa at the nucleotide level. Levels of variation in the mitochondrial gene CO I exceeded those in EF 1α, Tub β1 and Tub β3, whether estimated as gene diversity, number of segregating sites, number of alleles or average pairwise divergence (Tables 3 and 4) . These results contrast sharply with levels of variation in the well-studied Mediterranean fruit fly Ceratitis capitata, where nucleotide variation in introncontaining genes is extremely high (S = 12-56 and A = 18 -38), and differentiation is low even on a global scale (Davies et al. 1999a and unpublished data) . Beginning approximately 150 years ago, frequent large-scale invasions of C. capitata have homogenized populations worldwide and maintained high levels of genetic variation. In contrast, B. depressa has a relatively restricted distribution within Asia, and the data from these four loci suggest that dispersal or secondary invasions across the Sea of Japan are infrequent on relevant ecological time scales (Table 5) . These results illustrate that the choice of markers, sampling strategies and analyses in molecular studies of tephritid pests needs to be chosen with regard to the distribution and ecology of each species.
We were able to separate several processes responsible for genetic structure in B. depressa using nested clade analysis. Geographic patterns in two of the nuclear genes were consistent with a range expansion (EF 1α) and allopatric fragmentation (Tub β3); each of these processes was embedded within the more detailed network available for CO I (see Fig. 2 ). Range expansions were evident in both Korea (clade 1-6) and Japan (clade 2-3), with the shorter branches in 1-6 indicating that the expansion within Korea occurred more recently. In Korea, this process is superimposed onto an older pattern of restricted gene flow and isolation by distance in clade 2-2. The NCA interprets the broad distribution of interior clade 1-6 and the restricted distributions of 1-2, 1-4 and 1-5 as being consistent with isolation by distance. The deep divergence between 3 and 1 and 2-3 supports the general conclusion from the Φ-statistics that Korea and Japan constitute very different gene pools.
Pliocene allopatry or recent invasion?
Ecological data available for B. depressa, the historical collections (Shiraki 1933; Kim & Kim 1974 ) and current taxonomic treatments (e.g. White et al. 1992) suggest recent introduction of the pumpkin fruit fly into Korea. However, our genetic data are inconsistent with this recent invasion hypothesis. Our data support the hypothesis that the pumpkin fruit fly is indigenous to both countries and the flies are not panmictic throughout this region. Because of the limitations of gene flow estimates , an accurate assessment of current gene flow between Korea and Japan may not be possible without knowing the time since divergence between the countries and the genetic composition of the colonizing populations. However, the conclusion that gene flow is low between the two countries is robust under many different types of analyses. For example, an equilibrium interpretation of Φ CT (Wright 1931) translates to a single migrant across the Sea of Japan every five generations (combined nDNA) to 10 generations (mtDNA). Similarly, application of the cladistic gene flow estimate proposed by Slatkin & Maddison (1989) to CO I would suggest that less than one individual migrates every 10 generations between the two countries.
A qualitative interpretation of the CO I gene genealogy (Fig. 2) would suggest historical isolation across the Sea of Japan and one recent, long-distance migrating allele. However, it is surprising to note that the invading fly (or flies) carrying this allele moved from Korea to Japan, rather than the opposing direction. This result was also supported statistically for one of the Yokohama flies in an assignment test employing all four loci. Because the Yokohama allele in question is a single mutational step from the most common, widespread allele in Korea, it seems likely that the event occurred recently, and that the migrant originated in a Korean population that we did not sample or as a result of mutation since arrival in Japan. The nested clade analysis shows that this migration event took place at approximately the same time as a range expansion throughout Korea (see clade 1-6), and could be associated with changes in agricultural practices or in regional produce shipments.
The high levels of genetic divergence between the two countries indicate that the populations were on largely independent evolutionary trajectories prior to this event. We applied a simple molecular clock to estimate when CO I clades 3-1 and 2-3 may have diverged, acknowledging that there are many uncertainties associated with calculations of this type (Gillespie 1991; Ayala 1997) . The maximum pairwise divergence between these clades is 3.05%. Assuming a divergence rate of 2.3% per million years for insect mitochondrial DNA (Brower 1994) , this suggests that the Korean and Japanese gene pools have been separated for 1.3 million years. Although that date does not correspond precisely to the Pliocene separation between the two countries 5-10 million years ago (Smith et al. 1994) , it is clear that the establishment of B. depressa in Korea and Japan long predates the rise of agriculture and regionwide trade.
The recent invasion of undetected genotypes into areas where a species is already been established has been termed a 'cryptic invasion' (Geller 1999) . Such invasions have been documented for similar species replacing each other (Geller 1999; Grosholz 2002) , genotypes replacing others within species (Saltonstall 2002) and undetected hybridization of individuals within newly colonized areas (Gaskin & Schaal 2002) . This study illustrates that probabilistic assignments of individuals to populations of origin can provide statistical support for the identification of cryptic introductions, which can then be used to confirm patterns identified by a genealogical approach such as nested clade analysis.
Conclusions
The global transport of produce and the homogenization of agriculture can lead to genetic panmixia in agricultural pest populations (Davies et al. 1999b; Pimentel et al. 2000; . However, B. depressa shows strong regional subdivision in Asia that can be attributed to a variety of underlying processes. Genetic variation among pumpkin fruit fly populations indicates isolation between Korea and Japan for approximately 1 million years, as well as more recent range expansions in each country. Recent changes in population structure in Korea are coincident with the dispersal of a single mitochondrial allele into Japan via one or more individuals. The evidence for a cryptic invasion was supported by genealogical nested clade analysis and statistical assignment. More detailed inferences are likely to require further sampling throughout Asia and the isolation of nuclear genes that are more variable.
